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Abstract
The linear absorption spectra of the crystals of anthracene, tetracene, and pentacene have been calculated in the
case of coupling between Frenkel excitons (FEs), charge transfer excitons (CTEs) and intramolecular vibrations. The
model and its parametrization for FEs and CTEs in the (a,b) plane of those crystals, ﬁrst developed by Petelenz
et al. have been used in the numerical simulations of the linear absorption. The calculated excitonic and vibronic
spectra allow us to draw two main conclusions. First, CTEs and their vibronics will manifest themselves in the linear
absorption of light polarized along the monoclinic axis only (i.e. for tetracene and pentacene along the crystallographic
b-axis). Second, the vibronic coupling (FE-phonon and CTE-phonon) emphasizes and increases the number of the
maxima due to CTEs manifested in the linear absorption.
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1. Introduction
In this work we calculate the linear absorption spectra of crystals of anthracene, tetracene and pentacene, taking
into account the coupling between Frenkel excitons (FEs), charge transfer excitons (CTEs) and intramolecular vi-
brations. We consider a two-dimensional lattice as a model of the (a, b)-plane of polyacenes and neglect interaction
between (a, b)-layers. The model and its parametrization is taken from [1].
The unit cell of these crystals contains two molecules whose long axes are nearly parallel to the c-axis. The
anthracene crystal is monoclinic and the translational vectors a and b are orthogonal, whereas in the triclinic crystals
of tetracene and pentacene the angle between them is about 100◦ [2, 3]. In the anthracene crystal a symmetry glide
plane describes the positions of the molecules σ = 1 and σ = 2 (Fig.1). Our special interest is in the role of the CTEs.
Since their energy levels are in the vibronic region (FE plus one or several quanta of intramolecular vibrations), we
must include the modes of those vibrations which are coupled to the mixed FE-CTEs.
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Figure 1: Unit cell in the (a, b)-plane. σ = 1, 2 is the number of the sublattice. P,R, S ,T, L1 and L-1 denote the diﬀerent types of CTEs (see [1]).
2. Model of FE-CTE-phonon coupling in a two-dimensional lattice
In the nearest neighbor approximation the Frenkel exciton part of the Hamiltonian can be written as [1]:
HˆF =
∑
l,m
∑
σ=1,2
EFB
+
σ,l,mBσ,l,m
+
1
2
∑
l,m
∑
σ=1,2
WσB
+
σ,l,m
[
Bσ,l,m+1 + Bσ,l,m−1
]
+
1
2
∑
l,m
{
MB+1,l,m
[
B2,l,m + B2,l−1,m + B2,l−1,m−1 + B2,l,m−1
]
+ h.c.
}
(1)
EF is the excitation energy of the molecule, Wσ is the transfer integral of the FE between the molecules of the
sublattice σ and M is the transfer integral between two molecules of diﬀerent sublattices.
The CTE part of the Hamiltonian can be written as:
HˆCT =
∑
l,m
∑
ρ,ρ′=1...12
Eρ,ρ′C
+
ρ,l,mCρ′,l,m (2)
in which (l,m) describes the position of the hole of the CTE of branch ρ. There are 12 branches Pσ,Tσ,Rσ, S σ, Lσ,1, Lσ,-1
with σ = 1, 2 describing the diﬀerent types of CTEs depending on the position of the electron and the hole (Fig.1).
The scheme of the coupling between the CTE-branches as well as their coupling HˆF,CT with the FEs at k ≈ 0 is shown
in the (symmetrical) matrix Tab.1.
The phonon part of the Hamiltonian and the exciton-phonon coupling terms are written as
Hˆph =
∑
l,m
∑
σ=1,2
ω0a+σ,l,maσ,l,m (3)
Hˆex,ph =
∑
l,m
∑
σ=1,2
ξFω0B+σ,l,mBσ,l,m(a
+
σ,l,m + aσ,l,m)
+
∑
l,m
∑
ρ,ρ1=(e,h)
ξ ω0C+ρ,l,mCρ,l,m(a
+
ρ1,l,m + aρ1,l,m) (4)
One mode of intramolecular vibration of frequency ω0 is linearly coupled to the FEs and CTEs [1, 4]. ξ f and ξ denote
the dimensionless parameter of FE-phonon and CTE-phonon coupling. The last summation concerns vibrations at
positive (h) and negative (e) ions which create CTEs. We assume the same linear exciton-phonon coupling in both
ions.
The total Hamiltonian is given by the sum of expressions (1) to (4), and transformed to eliminate the linear
exciton-phonon coupling [5].
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2 D
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2 D
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1 +J
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eR JhR 0
. . . . ER1 0 0 0 0 0 0 J
hP JeP 0
. . . . . ER2 0 0 0 0 J
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2 +J
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Table 1: Coupling scheme FE-CTE (Bσ) and between CTE branches (Pσ,Tσ,Rσ, Sσ, Lσ,1, Lσ,-1) with σ = 1, 2 at k = 0.
3. Linear optical susceptibility
The linear optical susceptibility χi j in the excitonic and vibronic regions is [6]
χi j = lim
ε→0
{
− 1
2V
[
φi j(ω + iε) + φi j(−ω + iε)
]}
φi j(t) = −iθ(t)〈0| pˆi(t)pˆ j(0) + pˆ j(t)pˆi(0)|0〉
We consider only the operator ˆpF of the transition moment of the FE
ˆpF =
∑
l,m
∑
σ=1,2
pσ(Vσ,l,m + V+σ,l,m) (5)
in which pσ is the transition dipole moment of the electronic excitation in molecule σ, and neglect the comparatively
small contribution of the CTE transition moments. The inﬂuence of CTE coupling to the FE and the phonons is
already included in the Hamiltonian. The exciton-phonon transformation introduces the operators
Vσ,l,m = eQBσ,l,me−Q (6)
The operators of the CTEs Cρ,l,m are transformed in the same way. The calculation of the linear optical susceptibilities
is reduced to the calculation of the following Green functions, using the vibronic approach [7].
Gσσ′ = −iθ(t)〈0|Vσ,l,m(t)Vσ′,l′,m′ (0)|0〉 σ, σ′ = 1, 2 (7)
We present the optical susceptibility in the (x, y)-plane, deﬁned as follows:
• In the monoclinic crystal of anthracene the y-axis is directed along the axis b and the x-axis is located in the
(a, c)-plane perpendicular to b. The angle (a, x) is almost 45◦. The axes x and y coincide with the polarization
directions of the two Davydov components of the FEs
• In the triclinic crystals of tetracene and pentacene the axis y deviates from the crystallographic axis b by an
angle of β ≈ 10◦. The angle (a, x) is 23◦ [2]
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This leads to the 2 components
χxx = −A
p2F
V
cos2(ϕ) [G11 +G22 + 2G12] (8)
χyy = −A
p2F
V
sin2(ϕ) [G11 +G22 − 2G12] (9)
in which A is a constant depending on units, pF = |p1| = |p2|, ϕ is the angle between the x-axis and the vectors pσ,
Gσ,σ′ are Fourier transforms of the functions (7) and V is the volume occupied by one molecule in the crystal.
4. Numerical calculation of linear absorption spectra
We calculate the frequency dependence of the imaginary part of χxx (8) and χyy (9) in which we replace ω with
ω+ iδ for a ﬁnite linewidth. The green curves in Figs.2-4 show the absorption spectra with FE-CTE-coupling (Di jσ0),
the red curves the FE spectra without this coupling (Di jσ=0, Tab.1). Numerical values for the parameters are from [1].
Note the negligible inﬂuence of the FE-CTE coupling in the x-polarized spectra (left ﬁgures), whereas its eﬀect on
the y-polarized spectra (center ﬁgures) is pronounced. The ﬁgures on the right show in greater detail the positions of
the FEmaxima and those of their ﬁrst vibronics for both the (x, x) and the (y, y) polarizations with and without FE-CTE
mixing. Without coupling (dashed curves), the position of the y-maximum is above the x-maximum. With coupling
(solid curves), one obtains an exchange of their positions: the strong repulsion of the CTEs shifts the y-maximum
below the x-maximum (whose position is practically unchanged).
The right ﬁgure for pentacene (Fig.4) is replaced by one showing the inﬂuence of vibronic coupling on the mani-
festation of FE-CTE coupling in the spectra: in the absence of vibronic coupling (ξF =ξ=0, and therefore without the
vibronic replicas, red curve) it is much weaker as compared to the case of strong vibronic coupling (green curve).
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Figure 2: Anthracene absorption spectra: Im χxx(ω) (left, δ = 0.01 eV), Im χyy(ω) (center, δ = 0.01 eV) and both detailed around FE (right,
δ=0.001 eV), respectively with (Di jσ 0, green) and without (D
i j
σ =0, red) FE-CTE coupling (arbitrary units).
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Figure 3: Tetracene absorption spectra: Im χxx(ω) (left, δ = 0.01 eV), Im χyy(ω) (center, δ = 0.05 eV) and both detailed around FE (right, δ =
0.001 eV), respectively with (Di jσ 0, green) and without (D
i j
σ =0, red) FE-CTE coupling (arbitrary units).
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Figure 4: Pentacene absorption spectra: Im χxx(ω) (left, δ = 0.05 eV) and Im χyy(ω) (center, δ = 0.05 eV), respectively with (D
i j
σ  0, green) and
without (Di jσ =0, red) FE-CTE coupling, and Im χyy(ω) with FE-CTE coupling vs. vibronic coupling (right, δ=0.05 eV) (arbitrary units).
5. Conclusions
The main goal of this work is to clarify the role of CTEs in linear absorption spectra of polyacene crystals. The
calculated excitonic and vibronic spectra allow to draw two main conclusions:
1. The manifestation of CTEs in the linear absorption spectra can be seen practically only for light polarized along
the monoclinic b axis (in anthracene, and very close to the b axis in tetracene and pentacene). Neither the
scheme of the CTE coupling nor the values of the parameters allow to predict this. It conﬁrms that the Frenkel
exciton model might be suﬃcient for the description of linear absorption in the (a, c) plane but insuﬃcient in
explaining the excitonic spectra along the b axis of the three crystals (especially in pentacene).
2. The importance of exciton-phonon coupling for the manifestation of CTEs in linear absorption spectra is con-
ﬁrmed. This could be expected because of the proximity of the energy levels of the CTEs and the vibronics of
FEs. The vibronic approach [7] allows to ﬁnd the positions of the excitonic and vibronic levels in the case of a
complex FE-CTEs-phonon coupling and to calculate their manifestation in the spectra.
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